The property of all baryons with up (u), down (d) and strange (s) quarks is investigated with an improved Richardson potential in a tree level calculation in the large N c spirit.
Introduction:
One needs to sum all gluon exchange diagrams contained in a plane to get the quark-quark potential to pick up an effective potential. In the absence of such a sum, one is led to the meson sector. Once the potential is chosen -one has to test it for small baryons with 3 valence quarks as well as stars consisting of ∼ 10 57 charge neutralized quarks in beta equilibrium. This was done using the Richardson potential in [1] for symmetric baryon magnetic moments namely ∆ ++ and Ω − , and in [2] for stars. In the present paper we check the potential further by calculating the energies and magnetic moments of both the decuplet and the octet. We find good agreement with experiments for the latter and with the work of Lebed and Martin for the former.
Formalism:
Richardson proposed [3] a interquark potential which is given by:
where − 
As stated already, this potential takes care of the two aspects offorce, namely the asymptotic freedom and the confinement. Here Λ is a parameter whose value was originally chosen as 398 MeV as for small q 2 the potential reduces to a linear confinement, and the linear confinement string tension from lattice calculation is about that value. Richardson chose a non-relativistic approach and succeeded to obtain the masses of only two heavy mesons, namely J/Ψ (cc) and Υ (bb). His results agreed well with experimental results.
Then H. W. Crater and P. Van Alstine [4] went for a relativistic approach. They used two body Dirac equation and split the confining part of the Richardson potential into a half scalar and half vector form. Using Λ = 401 MeV , they obtained good results for both heavy and light mesons thus vindicating the claim that the Richardson potential is a good interquark force.
Calculation of baryonic property is a bit more difficult. Dey et. al. [5] used t' Hooft's suggestion [6] that in QCD, a mean field approximation is possible in large N c limit. Performing a relativistic Hartree-Fock calculation they obtain good values for mass and magnetic moment of the baryon Ω − that consists of three strange (s) quarks. They used Λ = 400 MeV . Richardson potential was then used in strange star calculation [7] . Strange stars are very compact stars composed of strange quark matter i.e. a very high density strange quark phase consisting of deconfined u, d and s quarks. Not surprisingly, the confinement does not play an important part here and one has to use Λ ∼ 100 MeV .
Other important ingredient of the calculation [7] is that the approximate chiral symmetry of QCD is allowed to be restored at high density, the quark mass M i of i-th flavor, is taken to be density (ρ) dependent, moving to current quarks values at very high ρ. Richardson potential in momentum space is used and the bare potential is screened due to gluon propagation as u, d, s has finite chemical potential. As a result strange matter is deconfined. The EOS for strange matter is then obtained incorporating charge neutrality and beta equilibrium conditions. With this EOS, the TOV equations are solved to get the structures of the strange stars.
As already stated [1] , choice of two parameters for the potential leads to good energies and magnetic moments for symmetric baryons. Also choice of two parameters does not alter star results significantly, only makes the value of the strong coupling constant, used in the gluon screening, more consistent. The logic was that for deconfined quark matter, the parameter may have different values from the case of confined quark systems (e.g. baryons and mesons) as mentioned earlier. The modified potential looks like the following :
To choose appropriate values of Λ and Λ ′ , we note that the modified Richardson potential yields the mass and well known magnetic moments of two simple symmetric baryons ∆ ++ and Ω − [1] . Our results agreed well with experimental results, when the parameters are as follows: Λ ′ = 350 MeV and Λ = 100 MeV . This leads us to use this values of Λ ′ and Λ in strange star calculation. By suitably adjusting model parameters, we got realistic EOS and good M-R relations with the same set of parameters for the modified potential [2] . So now we are applying this potential to find the properties of all the other baryons (both the decuplet and octet members).
Details of Calculation:
't Hooft suggested that the inverse of the number of colors N c could be used as an expansion parameter in the otherwise parameter free QCD theory [6] . By the end of 90's, properties of large N c baryons have been extensively studied by algebraic methods for spin and isospin symmetry. It has become possible to make a unified view on the various effective theories such as the Skyrme model, the non-relativistic quark model and the chiral bag model. Witten [8] suggested that for large N c baryons a mean field description could be obtained using a phenomenological interquark potential tested in the meson sector. Indeed self consistent baryon mass calculation is feasible with success in the mean field level [5] using the Richardson potential as an interquark interaction. We have already found mass and magnetic moment of ∆ ++ and Ω − using the modified Richardson potential by a relativistic Hartree-Fock (RHF) method. But there our formalism was for three identical quarks occupying the same orbital. Now to find the masses and magnetic moments of all other baryons, we extended our calculations for different quarks occupying the same orbital. Here we discuss our method in some details For quarks in the lowest(1s 1/2 ) orbital, one may write
where φ q (r) is the quark wave function, χ m is the Pauli spinor, 1 0 for spin up quark and 0 1 for spin down quark; σ is the Pauli matrix. As Richardson Potential is spin independent, we now construct SU(3) f lavor wave functions for baryons keeping in mind generalized Pauli exclusion principle.
Ψ B is the total baryonic wave function. As we have taken all quarks are in the lower most orbital, Ψ space is symmetric and Ψ color is antisymmetric always. So Ψ spin × Ψ f lavor must be symmetric. For decuplet members Ψ spin is symmetric so Ψ f lavor must also be symmetric. But for octet members, Ψ spin is mixed symmetric so Ψ f lavor must also be mixed symmetric. The wave functions are given in [9] . Now we choose the Hamiltonian as:
Here t i is the kinetic energy operator for the ith quark and V (r ij ) is the two parameter Richardson potential given in equation [3] . The energy is then calculated from the relation:
Then using the variational principle, we get HF equations. Here two cases arise; Case I is for baryons with three different flavors of quarks and case II is for baryons having two flavors of quarks.
First we are considering case I. Here we get three HF equations:
where ǫ q 's are the single particle energies and
Using the quark wave functions given in equation [4] , the above equations gives us three set of coupled differential equations.
¿From these single particle energies, The energy is obtained from the following equation:
It is convenient for calculation to express the Dirac components G(r) and F(r) as sum of oscillators :
where C's and D's are coefficients. The expansion reduces the differential equation to an eigenvalue problem. Starting with a trial set of C's and D's , the solution has found self consistently by diagonalizing the matrix and putting back the coefficients till convergence is reached. In general R nl (r) is given by :
where L But the problem is that the RHF solutions violate translational invariance, since they are formed by single-particle wave functions derived by an average potential ω av . As a consequence, the centre-of-mass momentum is not well-defined in RHF solutions and this entails a spurious contribution from the centre-of-mass [CM] kinetic energy to the total energy. Since the relative importance of this effect increases as the number of particles decreases, it is important that it should be corrected for systems formed of few particles. This can be done by extending to the RHF equations the Peierls-Yoccoz procedure of nuclear physics. The spurious contribution is denoted by T CM and the baryon mass [M] has to be compared with the difference E HF -T CM . Here this spurious contribution has also been calculated and subtracted from E HF to estimate the correct energy of the baryon.
Here we have followed the prescription of Crater and Van Alstine [4] to take a half-vector half-scalar form for the linear (confining) part. This choice also leads to a cancellation of spinorbit effects at long range. So we add the confining part of the two-body potential equally to the energy and mass (1/2 vector, 1/2 scalar potential).
The vector and scalar potentials are respectively:
The vector potential V vec (r 12 ) is used in the expression of ω av ( r) [equation 12] and the scalar potential V scalar (r 12 ) is added with the mass terms in the coupled differential equations.
We have also estimated the values of r.m.s. radius r av which is given by:
where r max is the upper limit of integration.
For case II [baryons (q 1 q 1 q 2 ) having two different flavors of quarks q 1 and q 2 )], we get two HF equations:
and then two sets of coupled differential equations :
The energy is obtained from the follwing equation:
We can found E in the same manner as described for case I. Here the r.m.s. radius r av is given by:
Now to obtain energy differences between decuplet and octet baryons we apply the idea of instanton physics [10] .
where α is the one gluon exchange potential between a u, d pair and β is the same between a u, s or d, s pair. We have also found the magnetic moments of the baryons. In quark model, the magnetic moment associated with a quark is given by [11] .
where e q is the charge of the quark, j is the current associated with the quark and is given by
where φ q is the quark wave function given in eqn (4) and α is 0 σ σ 0 . Then the quark magnetic moment reduces to
Then magnetic moments of the baryons can be easily calculated using baryonic wave functions Ψ spin × Ψ f lavor .
Results:
The standard values of α and β are taken ( see [10] ). The values of the oscillator parameters b and b ′ are chosen such that E becomes independent of variation of b, b ′ . Magnetic moments of baryons from simple MIT Bag Model are calculated using the formulation indicated in [12] . We have taken u, d, s quark masses as 4, 7 and 150 MeV respectively and bag radius as 1 fm. Results obtained in QCD sum rule (QCDSR) approach are taken from [13] and [14] . Results obtained by large N c approximation are taken from [15] . Experimental values are taken from the website of particle data group http://pdg.lbl.gov.
The baryonic masses from our calculation is tabulated in [1] along with the experimental value. Table [2] shows a comparison between the magnetic moments from our calculations with experimental and other theoretical values. The agreement of mass and magnetic moment from our result with those of experimental values indicates the goodness of our approach. At this poin we should admit that better theoretical results can be obtained as in Dai et. al. [16] .
Moreover, results satisfied the relations obtained analytically in a large N c calculation by Luty et. al. [17] . This is shown in table [3] . Again, a look at table 1 in [17] confirms that our result is far better than the results obtained from chiral perturbation theory and have more or less same goodness of lattice QCD.
Calculated magnetic moments of the quarks in different baryons with help of equation [35] show that magnetic moment for a particular quark differs in different baryons [4] whereas quark magnetic moments are constant in naive quark model and in bag model [5] . Large N c analytic relations Our results (expt.) In summary, we have resonable results for octet baryon masses and magnetic moments. For decuplet baryon, the magnetic moments are compared in the other calculations. Accurate determination of decuplet magnetic moments as done for Ω − would be very helpful or large N c model testing.
